ABSTRACT: The activity of the respiratory electron transport system (ETSA), measured in vitro in conditions of V,,, (i.e. with saturation of electron donors and acceptors), represents the respiratory potential of all communities sampled. From analysis of surface sediments from various oceanic areas, ETSA has been found to be correlated with the biopolymer (protein, carbohydrate, lipid) content which may represent the most labile fraction of the sedimentary organic matter. ETSA results expressed at constant temperature (e.g. 20°C) can be considered as an estimator of biomass, especially of the microbial biomass which contributes, in most cases, the greatest part of the sediment respiratory potential. Original and hterature data reveal discrepancies between laboratory and field experiments, so that results obtained .with cultured species cannot be directly applied to natural environments. A compromise conversion factor [particulate organic carbon (POC) biomass (pg) = ETS (p1 O2 h-') X 14.31 is proposed by the author. At in situ temperature, ETSA may theoretically be converted to respiration (R), which is the actual rate of electron transfer. The R/ETSA ratio used for conversion depends strongly on the availability of food. This ratio decreases from coastal to deep areas but results show that the gradient (from 0.4 in shallow sediments to 0.05 in deep sea areas, on average) is not as steep as previously thought. Due to the lack of accuracy of the R/ETSA ratio, the use of ETSA to calculate sediment community oxygen consumption is not very promising and direct measurements of respiration are preferable. Finally, it is concluded that the most important application of the ETSA measurement in sediments is its use as an estimator of the total microbial biomass.
INTRODUCTION
The organic supply at the sediment-water interface is an important step of the global carbon cycle because sedimentary organic compounds may either be mineralized by benthic metabolism (leading to the release of constitutive elements in the dissolved form) or buried as refractory (not available to the benthos) organic matter. The burial flux of refractory organic matter is the main sink for organic carbon in the ocean since preservation may last over geological time scales. The fate of organic matter reaching the sediment-water interface depends on its amount and composition as well as on the 'environmental conditions' (e.g. temperature and pressure, nature and availability of the oxidants, sediment type, bioturbation) governing the benthos diversity and metabolic activities. As most oxidation of organic material occurs in organisms having respiratory chains, an overall estimate of catabolism has been proposed by measuring the respiratory electron transport system activity (ETSA). The method has been applied to marine studies by Packard (1969 Packard ( , 1971 and Packard et al. (1971) . It consists of adding to homogenated samples a surplus of electron donors (NADH, NADPH, succinate) and of an artificial electron acceptor (INT: 2-p-iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride). The reduction of the colorless INT to red formazan can be followed using a spectrophotometer at 490 nm. As the assay is made in vitro in conditions of V,,,, it gives an estimate of the respiratory potential of the organisms or communities sampled, and exceeds, by far, the actual rate of electron transfer under natural conditions (Houri-Davignon et al. 1989) .
The measure of ETSA is a highly sensitive method. It has been performed to calculate oxygen consumption rates in zones where in situ methods are too difficult and/or too expensive to carry out (e.g, the deep ocean), using the assumption of a constant conversion factor RIETSA, where R is respiration. The method received much attention for the water column by Packard (1985a, b) but its application to sediment studies brought not only specific technical problems (Relexans 1996) but also problems of interpretation of the results. 1n most cases, sediment contains a mixture of aerobic and anaerobic microbial populations and oxygen consumption is the combined result of different biological and chemical processes. Therefore, most authors have not been able to draw useful conclusions from ETSA measurements in sediments , de Wilde et al. 1984 , 1986 , Andersen & Helder 1987 or else have had to elaborate calculations, with the help of oxygen-distribution models, to link ETSA to oxygen consumption (Christensen 1983) . In recent years, the method has been somewhat neglected by researchers working on sediments. More than half of the relevant literature cited is between 1980 and 1987, with a maximum of papers in 1983.
The present paper is the second part of a status report on ETSA measurements in marine sediments (Relexans 3.996) . It focuses on relationships of ETSA to other biochemical and biological parameters, especially microbenthic biomass and respiration, in order to evaluate the significance and usefulness of the method for application to present oceanographic studies.
ETSA VERSUS QUALITY OF SEDIMENTARY ORGANIC MATTER
Definition of labile organic matter
Although sediment carbon and benthic biomass decrease from shelf regions towards the deep sea, total organic matter content does not correlate very closely with organism abundances nor with particulate organic carbon (POC) flux (Rowe et al. 1991) . Similarly, ETSA/POC ratios calculated from literature data are highly variable according to geographic areas and water depth: they range from 155 (North Sea) to about 800 p1 O2 h-' g-' of POC (Bay of Biscay in NE Atlantic) for intertidal areas, from 6 (North Sea) to about 450 p1 O2 h-' g-I (northeast and trop~cal Atlantic) on the continental shelf, and tend toward a uniform value of ca 43 p1 0, h-' g-' in deep sediments (Relexans 1996) . This is probably due to variabilities in the 'quality' of organic matter in the sediment ('quality' meaning its availability to the benthos). Most of the organic matter reaching the sediment is decomposable (Berner 1980) but decomposes more or less rapidly, according to its age and origin (e.g. planktonic, terrestrial) and to environmental conditions at the sediment-water interface; only a small part (refractory matter) becomes buried in the sediment for very long periods. The labile part is a mixture of several categories of molecules (multi-G model; Berner 1980), each of them being characterized by its ability to be used as substrate for benthic metabolism. Therefore, the usual term, 'Idbile malter', is somewhat difficult to define accurately, as its sense depends on, amongst other things, the time scale considered.
Chemical methods can be used to assess the 'labile' fraction of organic matter. Usually, this fraction is considered to consist either of the part hydrolysable by weak acids, or of the macromolecular content which can be easily extracted (for references see Relexans et al. 1993b) . Possible methodologically induced discrepancies have to be taken into account in comparative studies on the relationships between ETSA and the quality of organic matter.
Data
In the present study, the labile fraction was taken as the sum (I) of proteins [extracted by 0.1 N NaOH for 2 h at 60°C and dosed using Bradford's (1976) method], carbohydrates [extracted with boiling water, 10 min at 100°C and dosed using Dubois et al.'s (1956) method] and lipids [ponderal method after extraction according to Bligh & Dyer (1959) l. These studies were carried out on surface (0 to 1 cm) layers from different areas of the northeast and troplcal Atlantic, ranging from carbonrich sediments of coastal zones (Relexans et al. 1992 ) to very carbon-poor sediments from deep, oligotrophic, zones (Relexans et al. 1993a) . The results are shown In Fig. 1A (ETSA vs of proteins, carbohydrates, Lipids) and 1B (ETSA vs proteins).
The orthogonal regression lines between ETSA and the macromolecular (biopolymer) content of the sedimentary organic matter for the coastal areas studied (mouth of the Gironde estuary, Bassin d1Arcachon, continental shelf of the Ba.y of Biscay, France) are as follows: ETSA = -2.9 + 101.7 (29.8; 95% CI) X r2 = 0.78; n = 92
(1)
with ETSA in p1 0, h-' (at 20°C) and 1 and protein in mg; C1 is confidence interval. The y-axis intercepts do not differ significantly from zero.
Discussion
In spite of the good correlation coefficients calculated for all the values together, ECOFER (sanlples from the continental slope and rise of the Bay of Biscay) and EUMELI (meso-and oligotrophic sites of the northeast tropical Atlantic; Relexans et al. 1996) results form a group of values separate from the others ( Fig. 1 ): in these sediments, the n~acromolecular content measured is greater than expected from the equations above. By comparing the macromolecular content measured in the surface (0 to 1 cm) and in deeper layers (10 cm, i.e. at depths where the sedimentary organic matter reaches low constant values and is, therefore, thought to be mainly refractory), it may be concluded that, in these carbon-poor sediment areas, only a small proportion (about 30%) of the measured macromolecular content really corresponds to labile organic matter (Relexans et al. 1992 , 1993a , Elfaqir 1993 ; the rest is probably contributed by 'hun~ic-like substances' (geopolymers) or other refractory molec'ules, which interfere with colorimetric and/or fluorimetric methods. This interference is likely to be extremely important for carbon-poor sediments, but might well be negligible in coastal sediments which contain large amounts of true biopolymers.
A provisional conclusion can be drawn from these results: in contrast to the variations of ETSA/POC ratios, ETSA/macromolecular content ratios are likely to be more constant, although their absolute values must be considered prudently. At least in coastal ecosystems, it will be important to compare these ETSA/C and ETSA/protein ratios with those in living material, to assess the respective proportions of biomass and of detrital inacromolecules in the (chemically) 'labile' organic matter content measured with the methods above.
ETSA VERSUS BIOMASS
The study of the relationship between ETSA and biomass is not easy because it has to involve laboratory experiments along with field studies. Within these 2 methods of investigation, selection of biomass parame- ters will not necessarily be the same; moreover, as conditions will differ (especially concerning food supply), results obtained with laboratory experiments will not be directly applicable to natural environments. Relationships between ETSA and biomass parameters have been extensively studied with phytoplankton (e.g. ETSA/chlorophyll a ratios; see Romano et al. 1987b ) but very few data are available for benthic organisms. Data presented in this section deal largely with bacteria; they involve results of laboratory and field experiments on various species of bacteria, none of them characteristic of benthic habitats. However, there is no reason to suspect important differences in biomass characteristics amongst free pelagic bacteria, attached pelagic bacteria and benthic bacteria (P. Caumette pers. comm.). For these organisms, the most (3) ETSA/POC ratios in bacteria were about 3 to 5 time those in meiofauna and l 0 to 16 times those in the macrofauna.
Laboratory experiments Results
Results (Table 1 ) may be summarized as follows: (1) With bacteria, all parameters, expressed per 107 cells, displayed very large variations between different species: 1 to 8 times for POC, 1 to 26 for protein, 1 to 38 for ETSA. Moreover, within a single species or population, variations occurred according to the nutritional Single-or mixed-species cultures under controlled conditions allow large amounts of biomass to be obtained with practically no detritus. Therefore, biomass parameters (POC, cell numbers, protein and ATP) are easy to evaluate; differing laboratory conditions, especially food supply, however, may lead to differing cell sizes and/or organic composition, and, subsequently, to differing ratios between these biomass parameters. In Table 1 , POC content for 107 cells varied from 1.3 to 2.65 1-19 POC (mean: 2) in marine bacteria and from 0.7 to 5.5 pg POC (mean: 2.7) for freshwater bacteria. These values are greater than those usually given in the literature-0.1 (Bianchi 1989 , Rowe et al. 1991 0.2 (Meyer-Reil et al. 1980) ; 0.2 to 1 (oligotrophic and eutrophic waters, respectively; Sorokin 1978); 1.15 (Mare 1942) pg POC 1 0 .~ cells-but remain in the range 0.01 to 6 pg POC 10-7 cells cited by Van Es & Meyer-Reil (1982) . Therefore, bacterial number is of little help in evaluating biomass, and POC remains the reference parameter, both in cultures and in natural environments. As for ATP, although little information is given in Table 1 , this nucleotide is often considered a good biomass reference (Hamilton & Holm-Hansen 1967) , in spite of the possible variations in ATP content per biomass unit, discussed by Karl (1980) . For micro-organisms, a POC/ATP ratio of 250 (Holm-Hansen 1969) is commonly accepted by the oceanographic con~munity, while for metazoa, the limited data compiled by Karl (1980) forPOC/ATPindicatedlowervalues (ca 100: w/w). Table 1 shows ETSA/POC to have been ca 0.3 p1 O2 h-' pg-' POC (85% variation coefficient). Then, from the assumption that POC = 250 times ATP, ETSA/ATP was calculated as 75 1-11 O2 h-' pg-' ATP. The variations in ETSA per unit biomass, reported for monospecific populations cultivated on different nutritive media, can be related to the nutritive conditions: Chnstensen et al. (1980) found ETSA/POC ratios from 98 (with glucose) to 128 p1 O2 h-' mg-' C (with peptone) for Vibrio anguillarum, and from 196 (with glucose) to 340 p1 O2 h-' mg-' C (with peptone) for Pseudomonas perfectomarinus. In the same way. Romano et al. (1987a) found ETSA/ATP ratios 3 times greater in populations supplemented with amino acids than in those not supplemented or else supplemented with NH4; this cannot be explained by cell size variations alone, as high respiration rates were also noted in the presence of amino acids. Synthesis of ETS units would represent a possible adaptation by micro-organisms to supplementation with highly assimilable molecules. As food supply in cultures is likely to be much more advantageous to microbial populations than in natural environments, the values and variations of ETSA/POC biomass and ETSA/ATP ratios measured in laboratory experiments might have little relevance to equivalent values measured in natural waters or sediments, where populations are thought to be 'adapted' to average steadystate environmental conditions.
Concerning ETSA/POC in meiofauna and macrofauna, the limited data (see Table 1 ) clearly show lower respiratory potential per unit of biomass for these taxa than for most of the bacteria. Assuming a mean POC/ATP ratio of ca 100 (Karl 1980) , ETSA/ATP in meiofauna would be from ca 6 (nematodes) to ca 9 (copepods) 1-11 O2 h-' PS-'. If further research confirms these preliminary results, ETSA will not be a satisfactory index of biomass for a whole benthic community. Therefore, the relative contribution by different components to the measured benthic respiratory potential is an important question, which is discussed later.
Field data
Field studies do not run the risk of the artefacts previously discussed in relation to laboratory conditions. But they suffer from other drawbacks: in natural ecosystems where biomass carbon is generally less than detritus carbon, the biomass cannot be evaluated using direct, simple chemical methods. The correct approach has to include complete analysis of all living benthic components (i.e. meio-, micro-and bactenobenthos; macrofauna is generally not analysed in the small samples used for ETSA assays) with conversion of these counts to biomass carbon. This approach is too tedious, however, for routine application. For these reasons, ATP is more often preferred as an estimate of microbiomass.
Results
ETSA and total micro-and meiobenthic biomass have rarely been analysed from the same samples. Data taken from the literature are shown in Table 2 . For sediment samples, bacteria carbon biomass, calculated from biovolumes, are available only for Baltic Sea sediment. For water samples, a conversion factor was necessary to convert bacterial number to carbon; according to Sorokin (1978) , a factor of 1 pg C 10-' cells for Lake Geneva and 0.5 1-19 C 10-' cells for the Mediterranean Sea and the Northern Indian Ocean was applied. For the Western Atlantic Ocean (Hobbie et al. 1972) , bacterial numbers appeared to be abnormally low, compared with other biomass parameters such as ATP, and were not taken into account in carbon biomass estimates.
After normalization of the data in Table 2 by logarithmic transformation, ETSA is well correlated with bacterial POC (Fig. 2A ) as well as with ATP (Fig. 2B) . The equations of the orthogonal regression lines follo\v:
log ETSA = -1.56 + 1.40 (k0.33; 95 % CI) log bact. POC r2 = 0.75; n = 21 Relexans et al. (1996) 1 'Valuer cm-' integrated over 10 cm 
where ETSA is in 1-11 O2 h-' at 20°C; bacterial POC and ATP are in pg; and C1 is the confidence interval.
Discussion
Demonstration of the link between ETSA and calculated bacterial POC is important in that it shows the contribution of micro-organisms to measurements of overall respiratory potential. From the regression of ETSA versus POC (not represented), the mean ETSA/POC ratio was 0.27 p1 O2 h-' pg-l. However, this value is not very precise because (1) this ETSA is composite, including a contribution not only by the bacterial component, but also by the phytoplankton and the microzooplankton for surface waters as well as the phytobenthos (shallow areas), and the meio-and microbenthos for the sediments; and (2) uncertainties in estimating bacterial biomass from counts and use of conversion factors cannot be avoided.
Calculation of the algal contribution to total ETSA also requires a value for ETSA/chlorophyll a (chl a) in algae. Only a few values of this ratio, determined using cultures, are available in the literature (see Relexans et al. 1992) . ETSA/chl a in marine cultures varied from 4 to 6.6 1-11 O2 h-' pg-' chl a. However, an attempt to discriminate ETSA of algae and of the heterotrophic components in intertidal sediments of the Bassin d'Arcachon, France (Relexans et al. 1992) showed that these conversion factors were too high, leading to estimates of algal ETSA sometimes greater than total ETSA. A new, lower ETSA/chl a value (1.89) was calculated from field results, allowing phytobenthic ETSA to be estimated from 37 to 80% of total ETSA (annual average) for sandy stations and from 9 to 14% for finegrained stations. To explain the discrepancy between cultures and field results, it was suggested either that phytobenthic populations at the studied stations were composed of species having low ETSA/chl a ratios, or that sedlment contained significant amounts of detrital chl a, i.e. not linked to living electron transport structures. Therefore, in most cases, factors determined using cultures for converting chl a to algal ETSA cannot be applied directly in natural environments.
The meiobenthic contribution to biomass of heterotrophic benthos (macrofauna excluded) is estimated as 5 to 30% (Sorokin 1978 (Sorokin , 1981 or less: 1 to 16% (Rowe et al. 1991) . The only data on the ETSA of this component are from intertidal sediments in the Bassin d'Arcachon (Relexans et al. 1992 ) derived by applying the factors for converting biomass to ETSA for meiofauna, given in Table 1 . This study showed the contribution of meiobenthos to be generally less than 15 % of heterotrophic ETSA, and less than 10% at most silty stations. Although these assessments of the different components of ETSA require refinement through further investigations, they nevertheless indicate the major importance of the microbial compartment in total ETSA (as in total biomass-POC), in most natural environments (except in near-surface waters and shallow, sandy sediments). The actual value of the mean ETSA/bacterial POC ratio remains rather imprecise, however.
The ETSA/ATP ratio from the regression of ETSA versus ATP (not represented) was 17.5 p1 O2 h-' 1-1g-l ATP, lying between the mean value calculated for cultured bacteria (75 .p1 O2 h-' pg-') and that for meio-fauna (6 to 9 p1 0? h-' pg l ) . Owing to the low contribution by meiofauna and algae in most cases, the low ETSA/ATP ratlo found In natural environments can be explained not by the influence of non-microbial components alone, but, more probably, by the different ETS equipment in cultured and natural bacterial popul a t i o n~. In most cases, bacterial populations appear to develop different amounts of ETS equipment to respond to the ambient food supply. Discrepancies between cultured and natural populations are now well documented: they may affect cell size and the ATP and ETS contents of individuals, as well as selecting populations able to adapt to the different conditions they encounter. They may affect not only bacterial populations but also algae (e.g. variations of POC/chl a ratios according to light conditions and nutrient supply), and examples have been given of the errors that can be produced by carelessly applying results obtained with cultures 10 nalural populations (Relexans et al. 1992) . For these reasons, it may b e considered that the ETSA/ATP ratio = 17.5, calculated from the regression in Fig. 2B , is the most suitable one presently available for natural environments. If POC = 250 ATP, then ETSA/biomass-POC is estimated as 0.07 (p1 O2 pg-' C h-' at 20°C), which is about 5 times lower than the ratio (0.3) found with bacterial cultures.
Is ETSA an acceptable index for benthic biomass?
This question can be divided into 3 parts:
(1) Are all l~vlng organisms equipped with electron transport systems?
(2) Is ETSA strictly linked to living material? (3) Is the the amount of ETSA-producing equipment relatively constant in all cells m any environment?
The answers to these questions are as follows:
(1) The ETS is a membrane-linked mechanism for electron transport, existing in most living organisms, except for the obl.igate fermenting bacteria. This exception should not be of major importance in most marlne systems. Therefore, each biomass unit of a respiring organism is expected to possess ETS equipment.
(2) The problem of persistence of ETSA after organisms are dead has been rarely studied: Bamstedt (1980) reported that freeze-killed individuals of the copepod Acartia tonsa, stored at -20°C, lost 50% of their ETSA within 30 h and that activity was completely lost after 74 h. At lg°C, in filtered and antibiotic-supplemented seawater, ETSA disappeared only within 3 d. Although natural conditions are somewhat different from those applied in Bamstedt's (1980) experiments (e.g. presence of antibiotics), it is probable that remaining ETSA might persist for a few days after death, especially in cold waters. What proportion of ETSA measured in natural ecosystems might be attributed to detrital matter is unknown. The problem needs further studies but, henceforth, it seems that ETSA is unlikely to be as good an index as is ATP.
(3) Among parameters usually taken as biomass criteria (e.g. living POC, proteins, number of individuals, nucleotldes), the most useful should be easily measurable in natural sediments as well as in cultures. ATP and ETSA meet this requirement, but biomass-POC, which is generally low compared to detrital POC, does not. Furthermore, the parameter values chosen as biomass indikes should be relatively similar in all cells at any time. Numerous results have shown that this is not the case, since wide variations in the ratios of the above biomass criteria (ATP/POC and ETSA/POC) were observed according to environmental (especially nutritional) conditions. In spite of these difficulties, the highly significant relationship between ETSA and ATP in natural environments is remarkable. ETSA is probably not as good a biomass index as is ATP, but it seems easier to measure in sediments. When ETSA is considered, the best estimate of biomass from ETSA is the following:
The possible use of ETSA to estimate overall microbenthic biomass is a n important application of the method since very few simple indices of this kind are available.
ETSA VERSUS BENTHIC RESPIRATION
The use of ETSA to calculate respiration rates has been broadly applied in plankton studies where respiration is not easy to measure directly (e.g. in the deep sea). The method is advantageous owing to its sensitivity and rapidity (Packard 1985b) . However, such calculations need [ l ) conversion of the results obtained at the temperature of the assay to ETSA at the temperature in situ; and (21 conversion of the potential electron transport (i.e. ETSA measurement) to electron transport rate under in situ conditions where, at least, electron donors are not in saturating concentrations. This conversion factor (RIETSA) expresses the actual rate of functioning of the ETS equipment.
Correction for temperature is easy providing the activat~on energy is known (Packard et al. 1975) . A crucial polnt is the value of the R/ETSA factor which has to be applied, since with experimental bacterial cultures, the ratio may vary from near 0 (starving conditions) to about 1 with high food supply (Christensen et al. 1980) . Therefore, preliminary experi-ments should be carried out in any particular ecosystem to determine R and ETSA and to determine the correct RIETSA ratio to apply (see Williams 1984) . In spite of these difficulties, ETSA has been used to calculate oxygen consumption in deep-sea areas, applying low R/ETSA ratios (e.g. 0.0078; Christensen & Packard 1977) corresponding to starvation conditions. However, very few experiments have been done to check the validity of this ratio (Christensen 1983) .
The use of ETSA to calculate sediment-community oxygen consumption (SCOC) is much more difficult than for the water column, because (1) SCOC is expressed in terms of unit sediment a.rea, i.e. its oxygen consumption is integrated over the entire sediment column. On the contrary, ETSA is measured in a volume from a particular sediment layer; generally, the depth in the sediment at which ETSA is zero is unknown and ETSA thus cannot be integrated. (2) In most sediments, the oxidation of organic matter does not take place only through oxic metabolism. Secondary oxidants can also serve as electron acceptors (NO3-, metal ions, Sod2-, when the oxygen in the porewater is exhausted. While SCOC results only from aerobic processes (even if partly from the oxidization of anaerobic end products), ETSA in a particular layer of sediment may include significant components from both aeroblc and anaerobic micro-organisms (Christensen & Packard 1977), the relative importance of which would depend on the location of this layer in relation to the oxygen distribution. As anaerobic metabolism is thought to be initiated when oxygen concentration is depleted below 5 % of saturation (Jargensen 1983) , ETSA in the oxic layer is probably due mainly to aerobic organisms.
Determination of RIETSA ratios in sediments Laboratory experiments Field experiments
In most natural sediments, oxygen is exhausted at depth ze below the surface zo (Fig. 3A) . The depth ze can be very close (a few mm) to the surface in coastal eutrophic zones (Fig. 3C) . In contrast, oxygen is still present in deep layers of the sediments from oligotrophic zones and tends to a constant concentration at depth z, (Fig. 3B) . In all cases, SCOC measured with a benthic chamber or calculated from oxygen profiles integrates oxygen consumption exclusively by all the oxygen-respiring organisms in the sediment column. To determine RIETSA ratios, either SCOC should be compared with ETSA integrated over the aerobic zone, or, if ETSA is measured in a particular layer of sediment, SCOC in this single layer should be taken into account. For any layer below the surface (e.g. zo-z, layer), oxygen consumption can be calculated from Fig. 3A and B: as SCOC is represented by the total area delimited by the curve of oxygen distribution and a vertical line passing through the zero value (general case) or a constant value (oligotrophic zones) of oxygen concentration, i.e. area a + c, oxygen consumption due to the zo-z, layer is only represented by area a:
Conversely, in eutrophic coastal areas (Fig. 3C ), ETSA measured in the zo-zl layer may be col-rected by a/(a+ b) to be applied to this single layer before comparison with SCOC.
A direct comparison between oxygen consumption and ETSA can be made only if anaerobic metabolism is absent. This is the case when the surficial layer is sampled and measured for both respiration and ETSA in laboratory experiments.
Such methodology was carried out on surficial sediments from the Bassin d'Arcachon (Brugeaille 1988 , Relexans 1989 . After sampling of the surficial film (1 to 2 mm) with a plastic spoon, a few cm3 were placed in respiratory flasks in such a way that the sediment at the bottom of the flasks formed a layer too thin to support anoxic conditions. Then, oxygen consumption was measured in each flask equipped with a Clark's electrode, at controlled temperature. After the experiment, the sediment was removed onto a glass filter and analysed for ETSA. 
Results
The methods described above have been applied to sediments from coastal to abyssal zones. The results, as well as a few data found in the literature, are presented in Table 3 . Even excluding the values manifestly too high (see discussion below), R/ETSA ratios were very variable, from 0.0004 in abyssal northwest Atlantic (Christensen 1983) to 0.35 on the continental shelf (de Wilde et al. 1986 ). However, a trend of decreasing R/ETSA with increasing depth can be noted (Fig. 4) . Relexans et al. (1996 R e l~x a n s et al (1
996)
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Discussion
The variations in WETSA ratios may have 2 origins: (1) methodological bias which can be attributed to ETSA and/or SCOC measurements, and (2) physiological causes.
The most questionable SCOC results in Table 3 are those from on-board experiments. Actually, a comparison of in situ and on-board results, on a large scale, with literature data compiled from various marine areas (Etcheber et al. unpubl.) , revealed no significant differences between the various methods. Therefore, I consider as reasonable the SCOC values used here for R/ETSA calculations in Table 3 .
On the contrary, the highest ETSA values reported for each of the areas considered may be attributed to results obtained with Olanczuk-Neyman & Vosjan's methodology (note the RIETSA value of 1.5 for an intertidal sediment, which seems unrealistic). One can believe (Relexans 1996) that the extraction of the respiratory enzymes involved in ETSA must have been incomplete using the mechanical method, and that, consequently, ETSA was underestimated. Therefore, the results obtained with this methodology (noted as 'discarded' in Table 3 ) have been excluded for drawing the curve of RIETSA versus depth in Fig. 4 .
Variations of RIETSA with the physiological state of organisms is much more interesting to consider. Assuming that ETSA expresses the overall dehydrogenase activity at V,,,, an R/ETSA ratio of 0.5 should correspond to the K, concentration of available substrate for respiration. The ratio may vary from near zero in carbon starvation conditions to about 1 in cultures supplemented with organic substrate (Christensen et al. 1980) . That RIETSA ratios were found by Christensen (1983) to decrease from shallow to deep sea sediments led him to attribute to deep sea environments drastic starvation conditions. While a similar trend is evident in the present results, the decrease in R/ETSA values shown in Fig. 4 is not as steep as expected from Christensen's (1983) paper. I conclude that deep sea benthic communities are better adapted to their moderate food supply than might have been expected from previous studies.
This paragraph has shown that it is difficult to determine appropriate R/ETSA values. Moreover, their use in calculating respiration from ETSA measurements (which was the initial goal) appears fraught with complications. Modern, direct methods, such as jn sjtu benthic chambers, as well as the use of electrodes, seem the most appropriate and for measuring SCOC. How the R/ETSA ratios vary with environmental conditions remains of fundamental importance to understanding the adaptative links between organisms and their habitats.
CONCLUSION
The application of ETSA measurements to sediments has been examined using original results and results from the literature data. The main conclusions of the paper follow,
(1) ETSA correlates well with the labile fraction of the sedimentary organic matter, defined as the biopolymer (protein, carbohydrate, lipid) content. Unfortunately, the ETSA/biopolymer ratio has been affected by methodological bias in the determination of the macromolecules.
(2) Correlations between ETSA and biomass from laboratory experiments and field investigations allow ETSA (at constant temperature of the assay: 20°C) to be used as an estimator for microbial biomass. However, the deciding importance of nutritional factors prevents the direct application of results obtained with cultured organisms to natural environments. A compromise conversion factor (biomass-carbon = ETSA X 14.3, where carbon is in 1-19 and ETSA in p1 O2 h-') LS proposed.
(3) The actual rate of electron transfer R (respiration) is difficult to assess from ETS activity since the latter is measured under V,,,, conditions. R/ETSA ratios, sensitive to trophic conditions, decrease from coastal areas to deep sea zones but the gradient is not as steep as had been expected from the few data found in the literature. Although knowledge of R/ETSA ratios is important in ecological studies to understand the adaptative links between organisms and their habitat, its use to calculate sediment-community oxygen consumption is not easy and direct measures of respiration are preferable. 
